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The replication of circular DNA faces topological obstacles that
need to be overcome to allow the complete duplication and separa-
tion of newly replicated molecules. Small bacterial plasmids pro-
vide a perfect model system to study the interplay between DNA
helicases, polymerases, topoisomerases and the overall architec-
ture of partially replicated molecules. Recent studies have shown
that partially replicated circular molecules have an amazing ability
to form various types of structures (supercoils, precatenanes, knots
and catenanes) that help to accommodate the dynamic interplay
between duplex unwinding at the replication fork and DNA unlinking
by topoisomerases.
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Introduction
The replicon model was the first attempt to explain how DNA repli-
cation is regulated in bacteria (Jacob et al, 1963). Originally formu-
lated on the basis of observations made in Escherichia coli, it was
later extended to plasmids, phages and the chromosomes of all
prokaryotes and eukaryotes. Forty years later, the key aspects of the
replicon model still hold true and during this time it has inspired
numerous significant discoveries (Jacob, 1993; Nordstrom, 2003).
Briefly, the model developed the theme of the units of replication,
which the authors called replicons. The regulation of DNA replica-
tion was claimed to involve at least two elements: a specific protein,
the initiator, and a target DNA sequence, the replicator, nowadays
known as the ‘origin of replication’. Just a couple of years after
François Jacob, Sydney Brenner and François Cuzin launched the
replicon model at a meeting in Cold Spring Harbor (Jacob et al,
1963), Gerome Vinograd and co-workers found that the circular
genome of the polyoma virus is supercoiled (Vinograd et al, 1965).
This observation was later extended to virtually all circular duplex
DNA (Cozzarelli, 1980). Supercoiling, which literally means coiling
of a coil, is a topological property of DNA molecules in which the
double helix twists around its own axis in three-dimensional space
(Bowater, 2002). The finding that DNA is supercoiled, together with

the discovery of topoisomerases (Wang, 1971) opened a whole new
field in molecular biology: DNA topology (Wang, 2002). 

The principal aim of this review is to summarize what is known
about the topological changes that take place as a replicon repli-
cates. We focus on small bacterial plasmids, as most of the studies
that have addressed this issue have used pBR322 and other small
derivatives as a model system. It should be noted, however, that it is
not always feasible to extrapolate the observations made on small
plasmids to bacterial or eukaryotic chromosomes. Plasmids are
small topological domains that do not necessarily reflect the condi-
tions of the large domains of the chromosomes of prokaryotes and
eukaryotes (Higgins &Vologodskii, 2004).

Primer on DNA topology and DNA topoisomerases
A DNA molecule is said to be negatively (–) supercoiled when the
linking number (the minimal number of passages needed of one
strand through another to separate them) is lower than in the relaxed
circular DNA of the corresponding size. Both in vivo (Bliska &
Cozzarelli, 1987) and in vitro (Bednar et al, 1994), (–) supercoiled
bacterial plasmids are known to adopt a right-handed intertwined
configuration in which the duplex–duplex crossings have a (–) sign
(see Fig 1A,B for an explanation). In eukaryotic cells, (–) supercoiling
is constrained by the left-handed winding of the DNA around nucleo-
somes, resulting in a toroidal winding in which duplex–duplex
crossings also have a (–) sign (Fig 2B). As shown in Fig 1A, local
strand separation by a DNA helicase in (–) supercoiled DNA mole-
cules initially leads to the relaxation of (–) supercoiling, whereas fur-
ther separation causes the accumulation of positive (+) supercoiling.
The arising torsional stress opposes further helicase action and topo-
isomerases are required for further separation of the DNA strands.

Topoisomerases are enzymes that interconvert different topologi-
cal states of DNA. They are divided into type I and type II enzymes,
which transiently cleave one or both strands of DNA, respectively.
Type I topoisomerases are additionally divided into two subtypes: A
and B. Enzymes belonging to the subtype A have a complex mecha-
nism of action that involves passage of the uncut strand through the
enzyme-bridged cleavage of the other strand. Interestingly, while
acting on DNA with nicks or with single-stranded regions, type IA
topoisomerases can cleave the continuous strand and allow the pas-
sage of a segment of duplex DNA of the same or another DNA mole-
cule through the cut strand. Topoisomerases of the subtype IB act by
a simpler mechanism that involves free rotation of DNA at the tran-
sient nick site (Stasiak, 2003). There are two type I topoisomerases in
E. coli that are known as topo I and III and they both belong to sub-
type A (Champoux, 2001). Importantly, E. coli topo I and III are hardly

1Departamento de Biología Celular y del Desarrollo, Centro de Investigaciones Biológicas
(CSIC), Ramiro de Maeztu 9, 28040 Madrid, Spain
2Laboratoire d’Analyse Ultrastructurale, Bâtiment de Biologie, Université de Lausanne,
CH-1015 Lausanne-Dorigny, Switzerland
+Corresponding author. Tel:+34 91 837 3112; Fax: +34 91 536 0432;
E-mail: schvartzman@cib.csic.es
++Corresponding author. Tel: +41 21 692 4282; Fax: +41 21 692 4105;
E-mail: andrzej.stasiak@lau.unil.ch

Submitted 21 November 2003; accepted 23 January 2004



review

©2004 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports VOL 5 | NO 3 | 2004

Replicon topology
J.B. Schvartzman & A. Stasiak

257

active on the bulk of cellular DNA that is maintained at physiologi-
cal levels of (–) supercoiling. Non-physiologically strong (–) super-
coiling or the presence of single-stranded regions activate topo I and
III (Champoux, 2001). Type II topoisomerases make transient double-
stranded breaks and allow the passage of another duplex across the
break. They are usually ATP-dependent (Gellert et al, 1976). There
are two type II topoisomerases in E. coli, which are known as DNA
gyrase and topo IV (Champoux, 2001). As with E. coli type I topo-
isomerases, gyrase and topo IV are also hardly active on the bulk of
cellular DNA and become activated by DNA relaxation in the case
of gyrase and by (+) supercoiling in the case of topo IV. It is important
for energy balance that there is no futile action of topoisomerases on
the bulk of DNA through which a gyrase, for example, would con-
tinuously use ATP to introduce (–) supercoiling and topo I or III
would relax the DNA. Topoisomerase action therefore needs to be
limited to the biological processes that involve DNA, such as repli-
cation, transcription, recombination and repair during which DNA
topology needs to be modified.

Tug-of-war between (–) and (+) supercoiling
To initiate their replication, bacterial plasmids must be (–) supercoiled
as this facilitates strand separation at the origin of replication (Fig 1A;
Funnell et al, 1987; Marians et al, 1986). Once initiation has been
accomplished, elongation proceeds by means of a complex ensemble
of enzymes known as the replisome. The current view is that during
replication, DNA passes through a stationary replisome. In front of this
replisome, a hexameric DNA helicase separates the parental strands
that are to be used as templates. This strand separation leads to over-
winding (positive supercoiling) of the duplex ahead of the fork (Fig 1A;
Alexandrov et al, 1999; Peter et al, 1998; Ullsperger et al, 1995).
However, (–) supercoiling is important for the opening of the DNA
double helix (Crisona et al, 2000; Kanaar & Cozzarelli, 1992). How
then do replication intermediates (RIs) manage to remain (–) super-
coiled as the fork advances? The first clue to answer this question came
with the discovery of DNA gyrase (Gellert et al, 1976). It is thought that

the continuous action of gyrase on the unreplicated portion of repli-
cating plasmids decreases the linking number of the parental duplex
(Alexandrov et al, 1999; Peter et al, 1998; Ullsperger et al, 1995). In
this way, gyrase helps to compensate for the overwinding of the
duplex as the fork advances. The rate of unlinking by gyrase, however,
is slow and might be insufficient to sustain the rate of fork movement
in E. coli (Peter et al, 1998). Furthermore, DNA gyrase can actively
cause unlinking only when acting on the unreplicated portion of repli-
cating plasmids (Gellert et al, 1976; Kampranis et al, 1999). At early
stages of replication, when the unreplicating portion is sufficiently
long, several gyrase molecules could work in parallel to sustain a high
speed of unlinking. As the length of the unreplicated portion shrinks,
however, there is less space for gyrase to act. Each gyrase molecule
needs around 150 base pairs to bind to DNA (Bates & Maxwell, 1989),
and so overwinding caused by the progressing fork may eventually
accumulate. This potential problem was first recognized by James
Champoux and Michael Been (Champoux & Been, 1980), who real-
ized that this gyrase deficit would eventually lead to the accumulation
of (+) supercoiling at later stages of the replication process. To solve
this dilemma, they proposed that supercoiling might diffuse through-
out the replication fork and redistribute both ahead of and behind the
fork. In this model, the other type II topoisomerase, topo IV, which is
the main decatenase in E. coli (Zechiedrich & Cozzarelli, 1995;
Zechiedrich et al, 1997), assists gyrase to compensate for the over-
winding that accumulates as the fork advances. Brian Peter and co-
workers (Peter et al, 1998) used electron microscopy to confirm the
diffusion of supercoiling across the fork in an in vitro assay that yielded
partially replicated plasmids containing stalled forks. They called the
intertwining of the sister duplexes in the replicated portion “precate-
nanes” to distinguish them from the supercoiling in the unreplicated
portion (Figs 2A and 3B,D,E). The emerging idea was that unlinking of
the parental duplex during DNA replication is carried out by gyrase
introducing (–) supercoils ahead of the fork and topo IV removing pre-
catenanes behind the fork. This would explain why progression of the
replication fork is impeded when both gyrase and topo IV are mutated
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Fig 1 | Supercoiling: its handedness and sign. (A) Negatively supercoiled DNA (left) loses supercoiling due to local DNA unwinding mediated by DNA helicases

(shown as grey wedges) and then becomes (+) supercoiled by further strand separation. Notice that the intertwined superhelix is right-handed in (–) supercoiled

molecules and left-handed in (+) supercoiled ones. The sign of the duplex–duplex crossings (see panel B) changes from (–) to (+) upon a change from negative to

positive supercoiling. (B) Topological convention of sign assignment of perceived crossings. In a (–) crossing, one would need to turn the overlying direction

arrow clockwise to align it with the underlying direction arrow (the rotation needs to be smaller than 180°). In a (+) crossing the required rotation would be

counterclockwise. Notice that orientation of the underlying and overlying direction arrows at each crossing are not independent from each other but result from

assigning a consistent direction along the whole DNA molecule analysed. To facilitate sign recognition in A and B, the overlying and underlying direction arrows

are marked in red and blue, respectively.
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or inhibited (Hiasa et al, 1994; Khodursky et al, 2000; Levine et al,
1998). It is important to notice that for supercoiling to diffuse across
the replication fork, the sister duplexes should be able to rotate freely
around each other at the forks. Curiously, for a (–) supercoiled RI 
in vitro, the parental duplex winds around itself in a right-handed
manner ahead of the fork, whereas behind the fork the sister duplexes
wind in a left-handed manner (Postow et al, 2001a). The reverse
occurs in the case of (+) supercoiled RIs (see Figs 2A and 3B,D,E). It is
rather non-intuitive that the direction of intertwining of opposing
double-stranded regions changes between the unreplicated and repli-
cated portions of an RI that is under torsional stress. However, it is well
known that an elastic transition from toroidal to intertwined forms of
supercoiling changes the perceived handedness of intertwining while
maintaining the same topological sign (Fig 2B; Bauer et al, 1980).
Similarly, although the perceived handedness of duplex–duplex inter-
twining in replicated and unreplicated portions of supercoiled RIs are
different, the topological sign of these crossings in both parts remain
the same (Fig 2A).

As mentioned previously, (–) supercoiling assists any process that
requires opening of the double helix (Crisona et al, 2000; Kanaar &
Cozzarelli, 1992). Moreover, it was recently shown that for partially
replicated molecules containing stalled forks, the introduction of net
(+) supercoiling in vitro leads to replication fork reversal through the
formation of a branched four-way Holliday-like junction, the so-
called ‘chicken-foot’ structure (Olavarrieta et al, 2002c; Postow et al,
2001b; Sogo et al, 2002; Viguera et al, 2000). In short, it is thought

that the coordinated action of gyrase and topo IV would allow RIs to
remain (–) supercoiled throughout the replication process.
Therefore, at any given time during replication, the degree of super-
coiling would be the result of the balance between the action of at
least the three different enzymes already mentioned: DNA helicase,
leading to the accumulation of (+) supercoiling ahead of the fork;
DNA gyrase, which introduces (–) supercoiling in the unreplicated
portion; and topo IV, removing precatenanes behind the fork (Peter
et al, 1998; Postow et al, 1999, 2001a).

Two-dimensional (2D) agarose gel electrophoresis of intact mole-
cules formed in vivo with the fork stalled at different distances from
the origin indicated that those plasmids with the fork stalled closer to
the origin are more supercoiled than those with the fork stalled at
increasing distances (Olavarrieta et al, 2002c). This observation sug-
gests that although RIs remain (–) supercoiled throughout replication,
they progressively relax as the fork advances. These results, however,
should be examined with caution, as they do not necessarily reflect
the situation during unimpaired DNA replication. In those plasmids
containing stalled forks, there might be an excess of (–) stress due to
the continuous action of gyrase once the fork has stalled.

Knotted bubbles as reporters of DNA topology in vivo
As soon as DNA topoisomerases were discovered, it was realized
that DNA knots could form in living cells. Experimental evidence for
knotted molecules in vivo, however, was scarce (Liu et al, 1981;
Shishido et al, 1989; Shishido et al, 1987). It was therefore surprising
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Fig 2 | Topological sign and handedness of duplex–duplex intertwining in supercoiled replication intermediates. (A) Schematic drawing of (–) and (+) supercoiled

replication intermediates (RIs). (B) Elastic transition between toroidally wound (around core histones for example) and intertwined form of (–) supercoiled

DNA. Notice that, in the toroidally wound form, the segments that cross in a projection run in the same direction around a virtual torus, whereas, in the

intertwined form, the crossing segments run in opposite directions around the virtual cylinder enclosed by the DNA. This change of relative orientation causes the

topological signs to remain the same despite a perceived change from left- to right-handed winding of the superhelices. The mathematical convention applied in

DNA topology assigns a parallel orientation to both strands of DNA (this is required to have a (+) linking number in B-DNA, which forms a right-handed helix;

Bates & Maxwell, 1993). For this reason, to trace the linking number contribution of parental strands in an RI, one needs to assign the same direction to both

newly replicated duplex regions. In (–) supercoiled DNA there is a tendency to release the torsional stress by left-handed winding of unpaired strands or by

flipping runs of alternating purine–pyrimidine from right-handed B-DNA to the left-handed Z-DNA (DiCapua et al, 1983). It is therefore energetically favourable

in deproteinized (–) supercoiled RIs that the newly synthesized duplex regions are wound around each other in a left-handed way. The opposite situation applies

to (+) supercoiled RIs. The parental duplex is indicated in blue and green, whereas nascent strands are depicted in red.
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when studies of bacterial plasmids with stalled forks revealed that
such plasmids could be knotted in vivo and that they form a charac-
teristic ‘beads-on-a-string’ arrangement of DNA bands in 2D gels
(Santamaría et al, 1998, 2000; Viguera et al, 1996). The strategy used
to identify these knotted bubbles involved cleavage in the unrepli-
cated portion of the plasmids and resulted in the identification of
knots confined within the replication bubbles. The characterization
of the handedness of these knotted replication bubbles by electron
microscopy (Sogo et al, 1999) indicated that the partially replicated
molecules were (–) supercoiled when the knotting occurred (Postow
et al, 1999).

Analyses of knotted replication bubbles in partially replicated mol-
ecules with the fork stalled at different distances from the origin indi-
cated that the number and complexity of knotted replication bubbles
increases as the fork advances (Olavarrieta et al, 2002b). It could be
argued that the probability of knotting increases with bubble size. It is
not that simple, however, as bubbles of the same size show more knots
in small plasmids in which the fork stalls towards the end of replication

(Olavarrieta et al, 2002c) compared with large plasmids in which the
fork stalls at the beginning of the process (Olavarrieta et al, 2002b).
Altogether these observations suggest that the probability of knotting
behind the fork is inversely related to the precatenane’s density (Fig
3B–E’). For regularly wound precatenanes, duplex–duplex passages
are unlikely to ‘trap’ another segment of the same molecule, whereas
this is not the case for loosely wound precatenanes (Sogo et al, 1999).

Once replication is completed, the remaining precatenanes and
knotted replication bubbles automatically become catenanes (Fig 3F)
that are eliminated by topo IV to allow segregation of the newly made
sister duplexes (Lucas et al, 2001; Zechiedrich & Cozzarelli, 1995;
Zechiedrich et al, 1997). It should be noted, however, that for the 
E. coli chromosome in vivo there might be alternative ways to decate-
nate sister duplexes (Ip et al, 2003). In any case, an increase in the
number and complexity of knotted replication bubbles would
increase the number of nodes in the catenane (the number of times
each duplex winds around its sister) and this would be expected to
have deleterious effects on the segregation of freshly replicated DNA
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Fig 3 | The topological cycle of a replicon. (A) Unreplicated (–) supercoiled plasmid. (B) Twenty-five per cent replicated (–) supercoiled RI where the parental

duplex winds right-handed, whereas the sister duplexes wind in a left-handed manner. (C) Fifty per cent replicated RI where supercoiling is zero. (D) Seventy-five

per cent replicated (+) supercoiled RI where the parental duplex winds left-handed, whereas the sister duplexes wind in a right-handed manner. (E) Seventy-five

per cent replicated (–) supercoiled RI where the parental duplex winds right-handed, whereas the sister duplexes wind in a left-handed manner. (F) One hundred

per cent replicated catenane. (E’) Seventy-five per cent replicated (–) supercoiled RI bearing a knotted replication bubble. (D’) Seventy-five per cent replicated RI

where supercoiling is zero containing two branched four-way Holliday-like junctions, called ‘chicken-foot’ structures. Red arrows indicate the putative most

frequent pathway. Grey arrows show alternative pathways. The parental duplex is indicated in blue and green, whereas nascent strands are depicted in red.
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molecules. Leticia Olavarrieta and co-workers (Olavarrieta et al,
2002a) tested this hypothesis by comparing the number of knotted
replication bubbles in plasmids in which the transcription of a selected
gene and replication occur in the same or in opposite directions. The
progression of transcription and replication in opposite directions is
expected to drive the accumulation of (+) supercoiling between the
forks as they approach each other (Brewer, 1988; Wu et al, 1988). The
migration of this (+) supercoiling behind the fork would relax the reg-
ular intertwining of sister duplexes and lower the number of precate-
nanes. The number and complexity of knotted replication bubbles is
indeed significantly higher when transcription and replication
progress against each other (Olavarrieta et al, 2002a).

A zoo of replication intermediates
In summary, the current topological view of the replicon can be
summarized as follows: circular plasmids need to be (–) supercoiled
to initiate replication (Fig 3A). After initiation, supercoiling is distrib-
uted between the unreplicated and replicated portions (Fig 3B). RIs
progressively relax as the fork advances and towards the end of repli-
cation, they could lose all native (–) supercoiling (Fig 3C). At later
stages, they could even acquire net (+) supercoiling (Fig 3D) that
would, however, be eliminated by the combined action of gyrase
and topo IV to restore the native (–) supercoiling (Fig 3E). Finally,
once replication is completed, all remaining precatenanes become
catenanes (Fig 3F) and their decatenation by topo IV allows the two
sister duplexes to segregate freely to complete the cycle. The proba-
bility of knotting behind the fork is inversely related to the precate-
nane’s density. For this reason knotted bubbles can form, in particu-
lar towards the end of replication (Fig 3E’). The RIs bearing knotted
replication bubbles could be either (–) or (+) supercoiled. These
knotted bubbles could be unknotted by topo IV during replication or
otherwise become catenanes once replication is completed.
Alternatively, the transient accumulation of (+) supercoiling could
lead to fork stalling and regression through the formation of the
‘chicken-foot’ structure. These transient intermediates could be res-
cued, however, by the combined action of topo IV and DNA gyrase
to restore (–) supercoiling and reverse fork regression (Fig 3D’).

The topo IV decatenation paradox
It was recently found that topo IV relaxes (+) supercoils at a 20-fold
faster rate than (–) supercoils (Crisona et al, 2000). Furthermore, 
in vitro assays showed that topo IV recognizes the chiral crossings
imposed by the left-handed superhelix of (+) supercoiled DNA
(Charvin et al, 2003; Stone et al, 2003; Trigueros et al, 2004). This
observation unmasked a new paradox. As previously stated (Figs 2A
and 3B), for (–) supercoiled RIs in vitro, the parental duplex winds
around itself in a right-handed manner ahead of the fork, whereas
behind the fork the sister duplexes wind in a left-handed manner. If
this situation also applies in vivo, left-handed precatenanes in (–)
supercoiled RIs would be recognized and eliminated by topo IV in a
preferential manner. In such a case, topo IV action would be detri-
mental, as it would eventually increase the linking number of the
parental strands. Note that gyrase would be burning ATP to pump (–)
supercoils ahead of the fork while topo IV would be burning more
ATP to eliminate these very same (–) supercoils once they diffuse
through the fork and become left-handed precatenanes. Moreover,
the right-handed precatenanes present in (+) supercoiled RIs would
not be eliminated by topo IV. These observations call into question
the precatenane model. It is possible that in actively replicating

molecules, supercoiling does not diffuse through the replication forks
because they might not be able to rotate freely. The observation that
replication complexes are anchored to the bacterial membrane
(Levine et al, 1998) suggests that there is a topological barrier that
would prevent diffusion of the (+) supercoiling generated in the
unreplicated portion as the fork advances to the replicated part. In
this case, precatenanes would not form. Experimental evidence for
precatenanes in vivo is not abundant and the few cases reported in
the literature are indirect. The occurrence of knotted replication bub-
bles (Olavarrieta et al, 2002a,b,c; Sogo et al, 1999; Viguera et al,
1996) was considered to be the best available evidence indicating
that precatenanes may form in (–) supercoiled, partially replicated
molecules in vivo (Postow et al, 1999). Further evidence supporting
the occurrence of precatenanes in vivo comes from experiments
using small circular plasmids replicated in Xenopus cell extracts. The
significant increase in the number and complexity of catenanes after
partial inhibition of eukaryotic topo II (the equivalent of prokaryotic
topo IV) could only derive from pre-existing precatenanes (Lucas 
et al, 2001). In most of these cases, though, replication was impaired
either by stalling the forks or by inhibiting topo II. It is possible that
precatenanes could form in vivo only if progression of the replication
forks is permanently stopped or severely impaired. In other words,
precatenanes might not form in vivo during unimpaired DNA replica-
tion. They would readily form in vitro, however, after DNA isolation
and deproteinization, as then the forks would be free to rotate. It is
interesting to note that in E. coli cells, the majority of topo IV activity
is concentrated close to replication factories at the cell centre and
occurs mainly late in the cell cycle (Espeli et al, 2003; Sherratt, 2003).
These findings could explain how topo IV is prevented from
eliminating left-handed precatenanes in (–) supercoiled RIs if such
precatenanes eventually form.

The topological changes that take place as a replicon replicates
are just beginning to be unravelled. Until this apparent topo IV
decatenation paradox is finally solved, it seems that during replica-
tion all the possible topological forms RIs can adopt could have
some role. The topological cycle of a replicon appears to involve
supercoiling, precatenation, knotting, catenation and decatenation
(see Fig 3). Whether or not the changes that have been observed for
small plasmids also apply to the large topological domains of bacteria
and linear eukaryotic chromosomes remains to be shown.

ACKNOWLEDGEMENTS
Original research in the authors’ laboratories was partially supported by the
Ministerio de Ciencia y Tecnología grants SAF 2001-1740 and BMC 2002-
00546 (to J.B.S.) and by the Swiss National Science Foundation grants 3100-
058841 and 3152-068151 (to A.S.).

REFERENCES
Alexandrov AI, Cozzarelli NR, Holmes VF, Khodursky AB, Peter BJ, Postow L,

Rybenkov V, Vologodskii AV (1999) Mechanisms of separation of the
complementary strands of DNA during replication. Genetica 106: 131–140

Bates AD, Maxwell A (1989) DNA gyrase can supercoil DNA circles as small as
174 base pairs. EMBO J 8: 1861–1866

Bates AD, Maxwell A (1993) DNA Topology. New York: Oxford University Press
Bauer WR, Crick FHC, White JH (1980) Supercoiled DNA. Sci Am 243: 100–118
Bednar J, Furrer P, Stasiak A, Dubochet J, Egelman EH, Bates AD (1994) The twist,

writhe and overall shape of supercoiled DNA change during counterion-
induced transition from a loosely to a tightly interwound superhelix. Possible
implications for DNA structure in vivo. J Mol Biol 235: 825–847

Bliska JB, Cozzarelli NR (1987) Use of site-specific recombination as a probe of
DNA structure and metabolism in vivo. J Mol Biol 194: 205–218

Bowater RP (2002) Supercoiled DNA: Structure. Encyclopedia of Life Sciences.
Nature Publishing Group 2002. www.els.net



review

©2004 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports VOL 5 | NO 3 | 2004

Replicon topology
J.B. Schvartzman & A. Stasiak

261

Brewer BJ (1988) When polymerases collide: replication and the transcriptional
organization of the E. coli chromosome. Cell 53: 679–686

Champoux JJ (2001) DNA topoisomerases: Structure, function, and mechanism.
Annu Rev Biochem 70: 369–413

Champoux JJ, Been MD (1980) Topoisomerases and the swivel problem. In
Alberts B (ed.) Mechanistic Studies of DNA Replication and Genetic
Recombination 809–815. New York: Academic

Charvin G, Bensimon D, Croquette V (2003) Single-molecule study of DNA
unlinking by eukaryotic and prokaryotic type-II topoisomerases. Proc Natl
Acad Sci USA 100: 9820–9825

Cozzarelli NR (1980) DNA gyrase and the supercoiling of DNA. Science 207:
953–960

Crisona NJ, Strick TR, Bensimon D, Croquette V, Cozzarelli NR (2000)
Preferential relaxation of positively supercoiled DNA by E. coli
topoisomerase IV in single-molecule and ensemble measurements. Genes
Dev 14: 2881–2892

DiCapua E, Stasiak A, Koller T, Brahms S, Thomae R, Pohl FM (1983) Torsional
stress induces left-handed helical stretches in DNA of natural base
sequence: circular dichroism and antibody binding. EMBO J 2: 1531–1535

Espeli O, Levine C, Hassing H, Marians KJ (2003) Temporal regulation of
topoisomerase IV activity in E. coli. Mol Cell 11: 189–201

Funnell BE, Baker TA, Kornberg A (1987) In vitro assembly of a prepriming
complex at the origin of the Escherichia coli chromosome. J Biol Chem 262:
10327–10334

Gellert M, Mizuuchi K, O’Dea MH, Nash HA (1976) DNA gyrase: an enzyme
that introduces superhelical turns into DNA. Proc Natl Acad Sci USA 73:
3872–3876

Hiasa H, Digate RJ, Marians KJ (1994) Decatenating activity of Escherichia coli
DNA gyrase and topoisomerases I and II during oriC and pBR322 DNA
replication in vitro. J Biol Chem 269: 2093–2099

Higgins NP, Vologodskii AV (2004) Topological behaviour of plasmid DNA. In
Plasmid Biology, Phillips G, Funnell BE (eds), 181–201. Washington DC:
ASM

Ip SCY, Bregu M, Barre FX, Sherratt DJ (2003) Decatenation of DNA circles by
FtsK-dependent Xer site-specific recombination. EMBO J 22: 6399–6407

Jacob F (1993) The replicon: thirty years later. Cold Spring Harb Symp Quant
Biol 58: 383–387

Jacob F, Brenner S, Cuzin F (1963) On the regulation of DNA replication in
bacteria. Cold Spring Harbor Symp Quant Biol 28: 329–347

Kampranis SC, Bates AD, Maxwell A (1999) A model for the mechanism of
strand passage by DNA gyrase. Proc Natl Acad Sci USA 96: 8414–8419

Kanaar R, Cozzarelli NR (1992) Roles of supercoiled DNA structure in DNA
transactions. Curr Opin Struct Biol 2: 369–379

Khodursky AB, Peter BJ, Schmidt MB, DeRisi J, Botstein D, Brown PO,
Cozzarelli NR (2000) Analysis of topoisomerase function in bacterial
replication fork movement: Use of DNA microarrays. Proc Natl Acad Sci
USA 97: 9419–9424

Levine C, Hiasa H, Marians KJ (1998) DNA gyrase and topoisomerase IV:
Biochemical activities, physiological roles during chromosome replication,
and drug sensitivities. BBA Gene Struct Express 1400: 29–43

Liu LF, Perkocha L, Calendar R, Wang JC (1981) Knotted DNA from
bacteriophage capsids. Proc Natl Acad Sci USA 78: 5498–5502

Lucas I, Germe T, Chevrier-Miller M, Hyrien O (2001) Topoisomerase II can
unlink replicating DNA by precatenane removal. EMBO J 20: 6509–6519

Marians KJ, Minden JS, Parada C (1986) Replication of superhelical DNAs in
vitro. Prog Nucleic Acids Res Mol Biol 33: 111–140

Nordstrom K (2003) The replicon theory 40 years:an EMBO workshop held
January in Villefranche sur Mer, France, 18–23. Plasmid 49: 269–280

Olavarrieta L, Hernández P, Krimer DB, Schvartzman JB (2002a) DNA knotting
caused by head-on collision of transcription and replication. J Mol Biol 322:
1–6

Olavarrieta L, Martínez-Robles ML, Hernández P, Krimer DB, Schvartzman JB
(2002b) Knotting dynamics during DNA replication. Mol Microbiol 46:
699–707

Olavarrieta L, Martínez-Robles ML, Sogo JM, Stasiak A, Hernández P, Krimer DB,
Schvartzman JB (2002c) Supercoiling, knotting and replication fork reversal
in partially replicated plasmids. Nucleic Acids Res 30: 656–666

Peter BJ, Ullsperger C, Hiasa H, Marians KJ, Cozzarelli NR (1998) The structure
of supercoiled intermediates in DNA replication. Cell 94: 819–827

Postow L, Peter BJ, Cozzarelli NB (1999) Knot what we thought before: the
twisted story of replication. BioEssays 21: 805–808

Postow L, Crisona NJ, Peter BJ, Hardy CD, Cozzarelli NR (2001a) Topological
challenges to DNA replication: Conformations at the fork. Proc Natl Acad
Sci USA 98: 8219–8226

Postow L, Ullsperger C, Keller RW, Bustamante C, Vologodskii AV, Cozzarelli NR
(2001b) Positive torsional strain causes the formation of a four-way junction
at replication forks. J Biol Chem 276: 2790–2796

Santamaría D, delaCueva G, Martínez-Robles ML, Krimer DB, Hernández P,
Schvartzman JB (1998) DnaB helicase is unable to dissociate RNA-DNA
hybrids - Its implication in the polar pausing of replication forks at ColE1
origins. J Biol Chem 273: 33386–33396

Santamaría D, Hernández P, Martínez-Robles ML, Krimer DB, Schvartzman JB
(2000) Premature termination of DNA replication in plasmids carrying two
inversely oriented ColE1 origins. J Mol Biol 300: 75–82

Sherratt DJ (2003) Bacterial chromosome dynamics. Science 301: 780–785
Shishido K, Komiyama M, Ikawa S (1987) Increased production of a knotted

form of plasmid pBR322 DNA in Escherichia coli DNA topoisomerase
mutants. J Mol Biol 195: 215–218

Shishido K, Ishii S, Komiyaba N (1989) The presence of the region on pBR322
that encodes resistance to tetracycline is responsible for high levels of
plasmid DNA knotting in Escherichia coli DNA topoisomerase I deletion
mutant. Nucleic Acids Res 17: 9749–9759

Sogo JM, Stasiak A, Martínez-Robles ML, Krimer DB, Hernández P,
Schvartzman JB (1999) Formation of knots in partially replicated DNA
molecules. J Mol Biol 286: 637–643

Sogo JM, Lopes M, Foiani M (2002) Fork reversal and ssDNA accumulation at
stalled replication forks owing to checkpoint defects. Science 297:
599–602

Stasiak A (2003) Topoisomerases. Encyclopedia of the Human Genome.
London: Nature Publishing Group. www.ehgonline.net

Stone MD, Bryant Z, Crisona NJ, Smith SB, Vologodskii A, Bustamante C,
Cozzarelli NR (2003) Chirality sensing by Escherichia coli topoisomerase IV
and the mechanism of type II topoisomerases. Proc Natl Acad Sci USA 100:
8654–8659

Trigueros S, Salceda J, Bermúdez I, Fernández X, Roca J (2004) Asymmetric
removal of supercoils suggests how topoisomerase II simplifies DNA
topology. J Mol Biol 335: 723–731

Ullsperger C, Vologodskii AA, Cozzarelli NR (1995) Unlinking of DNA by
topoisomerases during DNA replication. In Nucleic Acids and Molecular
Biology, Lilley DMJ, Eckstein F (eds)115–142. Berlin, Germany: Springer

Viguera E, Hernández P, Krimer DB, Boistov AS, Lurz R, Alonso JC,
Schvartzman JB (1996) The ColE1 unidirectional origin acts as a polar
replication fork pausing site. J Biol Chem 271: 22414–22421

Viguera E, Hernández P, Krimer DB, Lurz R, Schvartzman JB (2000) Visualisation
of plasmid replication intermediates containing reversed forks. Nucleic
Acids Res 28: 498–503

Vinograd J, Lebowitz R, Radloff R, Watson R, Laipis P (1965) The twisted circular
form of polyoma viral DNA. Proc Natl Acad Sci USA 53: 1104–1111

Wang JC (1971) Interaction between DNA and an Escherichia coli protein w. 
J Mol Biol 55: 523–534

Wang JC (2002) Cellular roles of DNA topoisomerases: a molecular perspective.
Nat Rev Mol Cell Biol 3: 430–440

Wu HY, Shyy S, Wang JC, Liu LF (1988) Transcription generates positively and
negatively supercoiled domains in the template. Cell 53: 433–440

Zechiedrich EL, Cozzarelli NR (1995) Roles of topoisomerase IV and DNA
gyrase in DNA unlinking during replication in Escherichia coli. Genes Dev
9: 2859–2869

Zechiedrich EL, Khodursky AB, Cozzarelli NR (1997) Topoisomerase IV, not
gyrase, decatenates products of site-specific recombination in Escherichia
coli. Genes Dev 11: 2580–2592

Jorge B. Schvartzman Andrzej Stasiak


